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ABSTRACT 
Objectives: To determine and compare color difference CIEDE2000 (DE00) of 
pressed IPS E.max lithium disilicate ceramic material after repeated firing cycles. To 
determine and evaluate correlation of CIELAB and CIEDE2000 values analyzed by X-
Rite Color i5 Spectrophotometer, VITA EasyShade® Advance 4.0 (VITA Zahnfabrik) 
and Adobe Photoshop CC.  
Materials and methods: 36 specimens 8mmX10mm at 1.5mm thickness (12 specimens of 
pressed IPS e.max® Press Lithium Disilicate MT Monochromatic ingots and 24 
specimens pressed IPS e.max® Multi Press Lithium Disilicate Multichromatic ingots. 
Specimens were exposed to repeated firing cycles up to 7 cycles. Color analysis was 
performed after 1st,2nd,3rd,5th, and7th firing cycle. CIE L*a*b* values measured by X-Rite 
Color i5 Spectrophotometer, VITA EasyShade® Advance 4.0 (VITA Zahnfabrik) and 
Adobe Photoshop CC. CIELAB (D*ab) and CIEDE2000 (D00) calculated to measure color 
difference.  
Results: Linear regression and multiple comparison analysis (Tukey’s HSD test) showed 
a significant color difference  (D*ab) and CIEDE2000 (D00) with (p-value <0.001), after 
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multiple firing cycles, between instruments used and in different shades groups. 
Moreover, significant different in interactive effect between different shades tested by 
different instrument, different shades tested after multiple firing cycles and different 
instruments after multiple firing cycles.  
Conclusion: IPS E.max lithium disilicate material shows significant color difference after 
repeated firing cycle tested by three color analysis instruments. Measuring instruments 
used to evaluate CIE L*a*b* color values showed significant different in color values 
analysis which may lead to altered level of interpretation, particularly to determine 
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1. CHAPTER 1. INTRODUCTION 
 The selection of the best material to restore both esthetics and function can be 
daunting. It’s essential for the dentist to harmonize the color of a dental restoration to 
restore and match natural dentition.1 Healthy looking teeth play an important role and 
may affect personal self-steam and self-assurance. Producing dental materials to restore 
and match that of natural tooth tissue and to maintain it in oral cavity for years is a 
challenging practical problem and demanding task.2,3 Subsequent to the first introduction 
of feldspathic porcelain restoration by Land,4 demand for non-metallic restorative 
materials increased for better esthetic results.5 All ceramic restoration have increasingly 
become an alternative to traditional metal ceramic restoration to be widely used in 
prosthetic dentistry because of their translucency and biocompatibility.6 
Evaluation of color is a complex psycho-physiological procedure that based on different 
parameters. Thickness of porcelain, dentin thickness, condensation technique, surface 
smoothness, degree of firing and number of firing are factors affect the color of final 
ceramic restorations.7 In previous studies, the effect of the number of firings on color 
change was evaluated and no significant color difference was found after multiple firing 
cycles.8 However, other studies found a significant color difference after multiple firing 
cycles.7 
The primary advantage of using all ceramic restorative materials is the ability to control 
translucency which is correlated with improved esthetics.5 Multi-chromatic ceramic 
blocks were designed to create layered structure to overcome the esthetic disadvantage of 
monochromatic blocks.5 In 2005, IPS e.max press (Ivoclar Vivadent) was introduced as 
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an improved pressable ceramic materials compared to IPS Empress II.5 A recently 
developed polychromatic Lithium Disilicate IPS e. max ceramic material which was 
introduced to market as a monolithic option to fabricate an esthetic dental restoration. 
Monolithic glass ceramic structure can provide great structural integrity by eliminating 
the veneered ceramic and its necessity of bond interface.9 Monolithic ceramic restorations 
are five times stronger than traditional feldspathic porcelains and based on research 
analysis, the advantage of this material is its extremely low fracture rates. Today’s 
monolithic lithium disilicate is an esthetic and high strength material option which can be 
cemented or bonded.10 There are some limitations on the accuracy of conventional shade 
matching “Metamerism” for example, and to eliminate these limitations, instrument 
based techniques as Spectrophotometers and Digital Cameras  have entered mainstream 
clinical practice which intended to increase reliability and objectivity of shade matching 
procedure.11CIELAB L*a*b* coordinates are usually used to describe color of dental 
materials. These values can be obtained from a spectrophotometer to measure spectral 
reflectance and provide a numerical value as description of color in a 3-dimensional color 
space.12 Digital cameras have been used widely for color matching in dentistry. By using 
an appropriate imaging software, images can be analyzed to produce color values. Which 
is considered a much cheaper process then the use of traditional color measurement 
devices such as Spectrophotometer.13 
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2. CHAPTER 2. LITERATURE REVIEW 
 
2.1 Color perception:  
Color is based on light reflection from an object that stimulate the neural sensors in the 
retina of the eye which transmit signals to visual cortex in the human brain to interpret 
color.14 The amount of light that enter the eye is controlled by the iris, and based on the 
illumination level, it dilates and constricts. The eye has two types of photoreceptors, rods 
and cones. Rods are responsible for low light intensity. Cones has three different types of 
receptors, sensitive to red, to green and to blue wave length ranges.14 
 
2.2 Color space system:  
CIELAB Color system was introduced by the international commission on illumination 
in 1976.15 It represents color reflectance in L*a*b* coordinates. These coordinates can be 
acquired from spectral reflectance measurements with spectrophotometer to specify a 
numerical description of the color position in 3-dimintional color space.12 Lightness 
represents by L* color coordinate and ranges from 0 to 100. The a* and b* color 
coordinates has positive and negative axes. The positive axis of a* coordinate represents 
greenness and the negative axis represents redness. The positive axis of b* coordinate 
represents yellowness and the negative axis represent blueness.12 This system is 
considered the most popular to illustrate colors numerically and used to calculate color 
difference.16 Recently, a more advanced formula (CIEDE2000) was proposed in 2001 to 
improve the correlation between the numerical color values and perceived color by 
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human vision compared to the original CIELAB equation, and to use color difference  
(DE00) instead of previous versions in color science as recommended by the International 
Commission on Illumination known as the Commission Internationale de l’Elcairage 
(CIE).15,17–19 
 
2.3 Color difference: 
( DE*ab ) is the color difference in CIELAB system and can be calculated by the 
following formula:  
 
Where ΔL* is the difference in lightness, Δa* and Δb* are representing the color 
differences in green-red coordinate and yellow-blue coordinate respectively. The higher 
ΔE the larger in color difference.16 
In CIEDE2000 system, color difference (DE00) is calculated by the following formula:  
In above formula, DC is the difference in Chroma and DH is the difference in Hue 
comparing two specimens. SL, SC and SH are representing weight function for the Light, 
Chroma and Hue. KL, KC and KH are correct term of variation in testing condition. RT is 
representing the rotational function which is responsible for measure the interaction 
between Hue and Chroma differences in blueness.20 Above formula is provided by 
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Sharma in literature as Excel sheet to easily calculate (DE00) based on L*a*b* and do the 
necessary values conversions from retrieved color values.21 
 
2.4 Color difference threshold:  
Perceptibility and color difference acceptability in dental materials were evaluated in 
literature since 1991, and ranges as DE*ab = 1 22,23 to DE*ab = 3.7.24,25 Perceptibility 
defined as the recognition of color difference between tooth and a tooth colored 
dental restoration while the acceptance of this difference is known as acceptability.26 
A review publication in 2014 concluded that more than one half of studies in dental 
literatures consider DE*ab =1 as a threshold of perceptibility and one third of studies 
refer the threshold as DE*ab =3.7 at which 50% color difference observers’ 
acceptability.27 Perceptibility threshold for CIEDE2000 system in literature set at 
DE00 =1.25 and acceptability thresholds is when DE00 = 2.23.17 
 
2.5 Color measuring Instruments:  
 
2.5.1 Spectrophotometers:   
 
Benchtop spectrophotometers are widely used in dental research and known for its high 
precision to produce optimum level of accuracy. Spectrophotometers are designed to 
measure reflectance and transmittance factors of an object and display these extensive 
data as values to be handled and presented in a meaningful form.28 Application of 
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spectrophotometers in dental research combined with increased cost, intricate equipment 
and up to recently, the difficulty of using these devices in vivo to measure color in 
clinical dentistry.28 Many intra-oral spectrophotometers are available in market to use in 
clinical, laboratory and dental research. It has the ability to measure the amount of 
reflected light energy from an object at 1-25 nm intervals.29,30 It was proven that 33% 
improvement in shade matching accuracy and objectivity compared to visual shade 
matching in 93.3% of cases.31 Easy handling, ability for good communication and its 
availability as a portable device are advantages of these intra-oral spectrophotometers.28 
 
2.5.2 Colorimeters:  
Colorimeters are limited to measure tristimulus values through filtering the light intensity 
into Red, Green and Blue (RGB) of the visible spectrum. Colorimeter are not designed to 
measure spectral reflectance and can be less precise than spectrophotometers. Filters used 
in colorimeter decrease its efficiency overtime and this may reflect on the machine 
accuracy.31,32 
 
2.5.3 Computer imaging software:  
Computer imaging software are getting more popular in color measurement with help of 
digital camera which has been widely used in clinical and laboratory dental offices for 
color matching as well as documentation.26,33 Objective L*a*b* measurement could be 
analyzed on photographic images by using an appropriate computer imaging software as 
Adobe Photoshop with only 1.3% as precision error.34 A tolerance setting of 6 pixels is 
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optimal and only one measurement and one analyst are necessary for objective and 
precise measurements.34 
 
2.6 Dental ceramic system:  
Following the first appearance of feldspathic restoration by Land,4 increase demand for 
non-metallic restorative material to gain an improved esthetic outcome compared to the 
traditional metallic restorations.5 All ceramic restorations have been increasingly 
becoming an alternative to traditional metal ceramic restoration to be widely used in 
prosthetic dentistry because of their translucency and biocompatibility.6 
Ceramics composed of inorganic materials which include complex mixture of metal 
oxides, borides, carbides and nitrides.35 These materials are crystalline in structure, 
exhibit a regular periodic arrangement and may show either covalent or ionic bond. The 
non-crystalline containing material known as glass. Porcelain contains mixture of both 
glass and crystal components. In dentistry, these basic materials known as “ dental 
ceramics”.36 Ceramics can be classified based on microstructure ( amount and type of 
crystalline phase and glass composition ) or processing technique (power-liquid, pressed, 
or machined).9,36–38 
Ceramics are very strong material but brittle in nature which leads to catastrophic failure 
with little flexure. So, ceramics are strong in compression but weak in tension.36 
Ceramics can vary from high translucent to very opaque material based on the amount of 
glass non-crystalline microstructure. The more glassy component, the more translucent 
ceramic material and the more crystalline structure the more opaque ceramic material in 
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addition to other contributing factors as particle size and density, refractive index and 
porosity.36,38 
 
2.6.1 Lithium disilicate:  
Most of all ceramic systems can be categorized into: alumina based core material and 
pressable or castable glass based ceramics.39 Based on chemical composition, lithium 
disilicate is categorized as glass-based monolithic system with crystalline second phase 
porcelain.10,36 Its first introduction by Ivoclar Vivadent as IPS Empress II and known 
later as IPS e.max pressable or machinable (CAD-CAM milling) monolithic 
ceramics.10,36 Lithium disilicate contains 70% refined needle-like crystals which improve 
its flexural strength up to 360-400 MPa.9,40 The highly filled glass matrix of this ceramic 
system composed of lithium silicate with micron-size lithium disilicate crystals in 
between submicron lithium orthophosphate crystals.36 Due to its low refractive index, 
lithium disilicate can be very translucent restorative material that can be used in high 
esthetic cases with or without veneering with special porcelain. Although it has high 
crystalline contents.36 Pressable or machinable lithium disilicate is ideal for inlays, 
onlays, veneers, partial crowns, anterior or posterior crowns, telescope crowns and 
implant superstructures. In case of thin veneers, 3-unite anterior bridges or 3-unite 
premolar bridge, the pressable form of lithium disilicate is recommended.10,41,42 
Polyvalent ions are used by the manufacturer which dissolved within the glassy matrix to 
produce desirable tooth colored restoration. The homogeneous distribution in a single 
phase material is an advantage of ion-based coloring mechanism.43 Pressable option of 
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lithium disilicate are known for its monochromatic restorations and to improve the 
esthetic outcome, Ivoclar Vivadent has developed a pressable multichromatic “IPS e.max 
Press Multi” ingots to produce a range of translucency at the incisal area and more 
chroma or opacity in cervical and dentin area as single pressed ingot to overcome the 
monochromaticity of pressed dental restorations.44 
Ivoclar Vivadent have introduced IPS e.max Lithium disilicate (LS2) glass-ceramic as an 
ideal option for the fabrication of monolithic single-tooth restorations. This innovative 
ceramic provides highly esthetic results and, compared to other glass-ceramics, 
demonstrates a strength that is 2.5 to 3 times higher. Supported with zirconium oxide, it 
may also be used for bridges in the posterior area. The microstructure of IPS e.max Press 
consists of lithium disilicate crystals (approx. 70%), Li2Si2O5, embedded in a glassy 
matrix. Lithium disilicate is the main crystal phase and consists of needle-like crystals. 
The crystals measure 3 to 6 µm in length.43 Standard composition of IPS e.max Lithium 
disilicate: (in % by weight)  shows in Table 1. 
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ZnO  0-8 
Other oxides and ceramic pigments  0-10 
Table 1:Standard composition of IPS E.max Lithium Disilicate (in % by weight): 
 
Ivoclar Vivadent provides wide range of tooth like shades with different degree of 
translucencies ingots to be used at the user desire to produce either a monochromatic 
restoration known as IPS E.max Press, or polychromatic restoration by using the IPS 
E.max Multi Press ingots to mimic the natural tooth shade and translucency progression 
from the margin to the incisal edge in singe press procedure and eliminating the need of 
cutback and laying technique. 
 
2.7 Scanning Electron Microscope (SEM) / Energy-dispersive X-ray 
spectroscopy (EDS):  
Scanning Electron Microscope (SEM) is used to investigate microstructural and 
morphological changes in in biomaterials. SEM works by radiating an electron bean at 
low energy directed to tested material to detect and scan specimen surface at microscopic 
level. In order to capture an image, the signal received from interaction between the 
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electron-sample is identified by specific detector based on mode of SEM being selected. 
45 
Scanning Electron Microscope classically contain several components: 
• An electron gun to releases electrons and should be located on the upper part of 
the column. Electrons can be accelerated to energy from 0.1 – 30keV.   
• To produce a high resolution images, a high diameter electron beam produced by 
hairpin tungsten gun.   
• Electromagnetic lenses and apertures which focus and shape the electron beam to 
form a small concentrated electron spot on the sample. 
• To control electrons movement without air disruption, high-vacuum environments 
should be initiated.45 
Data from SEM can be analyzed by the Energy-dispersive X-ray spectroscopy (EDS) to 
evaluate elements composition of tested specimens. EDS works by measuring the energy 
to identify the atomic number of the elements through a photon-energy sensitive 
detector.46
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3. CHAPTER 3. OBJECTIVES 
1. To determine and compare color difference CIEDE2000 (DE00) of pressed IPS E.max 
lithium disilicate ceramic material after repeated firing cycles. 
2. To determine and evaluate correlation of CIELAB and CIEDE2000 values analyzed 
by X-Rite Color i5 Spectrophotometer, VITA EasyShade® Advance 4.0 – (VITA 
Zahnfabrik) and Adobe Photoshop CC 2015.5.1.  
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4. CHAPTER 4. HYPOTHESIS 
4.1 Null hypothesis:  
1) There is no color difference CIEDE2000 (DE00) of pressed IPS e.max lithium 
disilicate ceramic material after repeated firing cycles. 
2) There is no difference in color analysis between X-Rite Color i5 
Spectrophotometer, VITA EasyShade® Advance 4.0 – (VITA Zahnfabrik) and 
Adobe Photoshop CC 2015.5.1. 
 
4.2 Alternative hypothesis:  
1) There is a color difference of pressed lithium disilicate after repeated firing 
cycles.  
2) There is a difference in color analysis between X-Rite Color i5 
Spectrophotometer, VITA EasyShade® Advance 4.0 – (VITA Zahnfabrik) and 
Adobe Photoshop CC 2015.5.1. 
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5. CHAPTER 5. MATERIALS AND METHODS 
  
5.1 Intra instrumental reproducibility for CIELAB values for color 
analysis: 
Ceramic material:  
• VITABLOCS Mark II: Shade 1M1 Lot No. 35670 (12 mm x 14mm) 
• VITABLOCS Mark II: Shade 1M2 Lot No. 28560 (10mm x 12mm) 
• VITABLOCS Mark II: Shade 2M3 Lot No. 36420 (12 mm x 14mm) 
• VITABLOCS Mark II: Shade 4M2 Lot No.13020 (10mm x 12mm) 
Machines:  
• X-Rite Color i5 Spectrophotometer (Gretagmacbeth regensdorf Switzerland) 
serial No.150269. 
• VITA EasyShade® Advance 4.0 – (VITA Zahnfabrik) No.H27401 
Software 
• Adobe Photoshop CC Version 2015.5.1 operated on Windows 10 64-bit.  
 
Specimens preparation:  
Four different shade blocks of Vita Mark II: 1M1, 1M2, 2M3 and 4M2 were sectioned by 
ISOMET 5000 Linear Precision Saw (BUEHLER LTD. USA) and specimens prepared at 
1.5mm thickness. Thickness was verified with digital caliber. 
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Color measurement:  
X-Rite Color i5 Spectrophotometer: 
By using reflectance measurement mode, calibration of this device is recommended every 
8 hours by manufacturer. Taking reflectance measurements:  
• Mounting of 6 mm aperture plate and placed in aperture rim correctly.  
• Status panel shows reflection mode is selected, UV setting as D65, specular setting 
excluded and green light shown to confirm device is calibrated.  
• Sample arm is opened.  
• Specimen with gray card background placed on attached stand to device door. 
• Sample arm closed and aperture checked from inside to confirm specimen position.  
• Measurements are taken by pressing trial button from application software 
interface.  
• Five consecutive readings were recorded for each shade twice in two different 
sessions. 
• Previous steps were repeated for each tested specimens.  
• Data is recorded by the application software and saved in the same computer and 
copied to an external hard drive. 
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VITA EasyShade® Advance 4.0 – (VITA Zahnfabrik): 
An automatic calibration is performed in this device and carried out by placing the 
instrument in the calibration block holder, so the probe tip is perpendicular to the 
calibration block, and reading are taken of the calibration block. 
 A green light will confirm the position and calibration process in the base of the unit.  
 
Color measuring process:  
• Each specimen placed over standard gray background. 
• Measuring processed by placing the probe tip of EasyShade advance 4.0 
perpendicular in the middle of each tested specimens.  
• Five consecutive readings were recorded for each shade twice in two different 
sessions. 
• Device calibration carried out before each specimen color measurement.  
 
Adobe Photoshop CC. 
Digital pictures were taken with standard imaging protocol for each specimen and 
analyzed by Adobe Photoshop software on computer.  
Imaging protocol:  
• Four different shade specimens were attached by clear tape to neutral gray 
card reference point and place on customized base to hold it at 45° inside a 
lighting booth “Macbeth Lighting by X-rite” with controlled illumination 
“fluorescence daylight 6500K”.  
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• Digital SLR “Canon EOS 550D” camera with Macro Lens EF 100 mm 
1:1.8 fixed on tripod at 45° angulations and as 50cm distance from the 
lighting booth.  
• Camera setting was maintained throughout whole process of picture taking 
as following:  
¨ Manual setting  
¨ Shutter speed: 0.8 sec.  
¨ Aperture size: F14 
¨ ISO: 100  
¨ Timer Auto-Camera: 2 sec.  
¨ Distance ratio: 1:5  
Five pictures were taken and saved in a RAW Format. Five random points in the middle 
of each specimen from each picture were analyzed by Adobe Photoshop CC 2015.5.1 and 
color values recorded. Color deviation to average (ΔE) was calculated for each sample 
then each shade values grouped and average recorded to compare among the 
measurement methods.  
L*a*b* values from each method were used to generate colors and evaluate if the 
produced color is similar or close to tooth colors or shade
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5.2 : Color stability of pressed monolithic IPS E.max lithium disilicate 
ceramic material after multiple firing cycles:  
 
Ceramic material:  
• IPS e.max® Press Lithium Disilicate MT ingots “LOT: V15576” Shade A2. 
• IPS e.max® Multi Press Lithium Disilicate ingots “LOT: T34648” Shade A2. 
 
Machines:  
• X-Rite Color i5 Spectrophotometer (Gretagmacbeth regensdorf Switzerland) 
serial No.150269. 
• VITA EasyShade® Advance 4.0 – (VITA Zahnfabrik) serial No. H27401 
 
Software 
• Adobe Photoshop CC Version 2015.5.1 operated on Windows 10 64-bit.  
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5.2.1 Specimen preparation:  
36 specimens (8mmX10mm) of inlay wax at 1.5mm (Figure 1)  thickness were 
uniformly fabricated by using silicone mold (Figure 2).  
3 IPS e.max® Press MT ingots “LOT: V15576” Shade A2 were pressed according to 
manufacturer instructions to produce 12 specimens with 8mm by 10mm at 1.5mm 
thickness.  
6 IPS e.max Multi Press ingots “LOT: T34648 “Shade A2 were pressed according to 
manufacturer instructions to produce 24 specimens with 8mm by 10mm at 1.5mm 
thickness. Specimens were classified and labeled as presented in Table 2 
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IPS e.max Multi Press ingots IPS e.max® Press MT ingots 
Ingot Label Firing cycle Ingot Label Firing cycle 
1 A-1 E Multi A-1 D Multi 7 cycles  1 A-1 Mono 7 cycles  
B-2 E Multi B-2 D Multi 7 cycles B-2 Mono 7 cycles 
2 A-3 E Multi A-3 D Multi 7 cycles C-3 Mono 7 cycles 
B-4 E Multi B-4 D Multi 7 cycles D-4 Mono 7 cycles 
3 A-5 E Multi A-5 D Multi 7 cycles  2 A-5 Mono 7 cycles  
B-6 E Multi B-6 D Multi 7 cycles B-6 Mono 7 cycles 
4 A-7 E Multi A-7 D Multi 7 cycles C-7 Mono 7 cycles 
B-8 E Multi B-8 D Multi 7 cycles D-8 Mono 7 cycles 
5 A-9 E Multi A-9 D Multi 7 cycles  3 A-9 Mono 7 cycles  
B-10 E Multi B-10 D Multi 7 cycles B-10 Mono 7 cycles 
6 A-11 E Multi A-11 D Multi 3 cycles C-11 Mono 3 cycles 
B-12 E Multi B-12 D Multi Pre-fire  D-12 Mono Pre-fire  
Table 2: Specimens’ labelling chart 
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Figure 1: Verifying wax pattern thickness at 1.5mm 
 
Figure 2: Silicon mold used to fabricate a uniform was pattern specimens. 
 
Ivoclar Vivadent have developed IPS e.max Multi Press to produce transitional shade 
from cervical to incisal of crown and due to the difficulty of testing color of specimen 
with un-uniform color, two spruing techniques were designed to evaluate application of 
color analysis protocol as follow: 
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5.2.2 Specimens’ design:  
Two forms of waxing and spruing designs were suggested:  
1. rectangular cube of wax matching the same IPS E.max Multi press ingots was 
designed to be pressed and produce a rectangular cube of pressed ceramic 
with transitional shade from incisal to body shade as shown in Figure 3.   
 
Figure 3: Rectangular cube wax pattern design for IPS E.max Multi press ingot. 
 
Figure 4: two separate specimens’ wax pattern design for IPS E.max Multi press 
ingot 
2. Two specimens (8cmX10cm) of inlay wax at 1.5cm thickness was designed to 
sprue one specimen opposed to the light or translucent “enamel” end of IPS 
E.max Multi ingots and the second sprue opposed to the body “Dentin” end of 
same ingot and pressed according to manufacturer instructions as shown in 
Figure 4. 
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After observational comparison between our two designs, we can find clearly that pressed 
rectangular cube shows non-uniform shade transition compared to separated sprue 
specimens in upper and lower part of IPS E.max Multi press ingot. 
  
Figure 5. Sprue technique for IPS E.max Multi press ingot prior to pressing 
procedure 
So, pressing method using the 2nd design was used.  Each IPS E.max Multi press ingot 
was pressed with 2 wax patterns attached to the light or translucent end “Enamel” and 2 
wax patterns attached to the chromatic “Body or Dentin” end as shown in Figure 5 and 
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Figure 6. Pressed ingot to fabricate 2 specimens at the light end and 2 specimens at 
the opaque end of the IPS E.max multi press ingot. 
All manufacturer instructions and requirements were met for pressing IPS e.max Multi 
Press.  
Study design:  
• 1st group has 12 specimens of translucent “Enamel” IPS e.max Multi Press. 
• 2nd group has 12 specimens of chromatic “Dentin” IPS e.max Multi Press.  
• 3rd group has 12 specimens of Monochromatic IPS e.max Press.  
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5.2.3 Pressing procedure for IPS E.max Multi Press (Multichromatic ingots):  
 
Figure 7. The IPS Multi Sprue Guide 200 g to verify sprue location and position. 
Spruing: Prefabricated precision wax patterns form A were used to sprue the wax 
specimens to the IPS Multi Investment Ring Base 200 g. The IPS Multi Sprue Guide 200 
g were used to verify the correct Spruing location and position of the specimens to be 
pressed on the IPS Multi Investment Ring Base 200g as shows in Figure 7.  
Investing: The phosphate-bonded IPS PressVest Speed investment material (Type 1, 
Class 2) was used according to manufacturer instructions. IPS PressVest Speed 
investment material is provided in form of powder and liquid. For IPS e.max Multi press; 
60% concentration of IPS PressVest Speed investment liquid is required. So, for the 200g 
investment ring 32ml of IPS PressVest Speed investment liquid was mixed with 22ml of 
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distilled water according to manufacturer instructions. 2 bags of 100g of IPS PressVest 
Speed investment powder were vacuum mixed with diluted (60%) IPS PressVest Speed 
investment liquid for 2.5 minutes.  
IPS Ring Gauge 200 g and the IPS Silicone Ring 200g were used to secure the 
investment mix and let it set at room temperature for 30 min minimum (Figure 8). After 
that, IPS Ring Gauge 200 g and IPS Multi Investment Ring Base 200 g displaced and was 
removed by sliding the investment ring from the IPS Silicone Ring 200g. 
 
Figure 8. IPS Ring Gauge 200 g and the IPS Silicone Ring 200g to secure 
investment. 
Preheating: Furnace was set at 850°C / 1562°F and the investment is placed in the 
furnace for the wax burn out process for 60 min with the investment ring opening facing 
down to allow melted wax to flow out easily. According to the manufacturer instructions, 
there is no need to preheat the IPS e.max Press Multi ingot, IPS Multi One-Way Plunger 
or IPS Alox Plunger as followed for pressing step. (Figure 9) 
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Figure 9.  Investment ready for pressing procedure after wax burn out step 
processed 
Pressing: Ivoclar Vivadent Programat EP5000/G2 (serial no.875353) pressing 
furnace (Figure 10) was used and IPS e.max Multi Press program selected and left to 
preheat before placing each investment ring. Immediately after removing the 
investment ring from the burn out furnace, an IPS e.max Press Multi ingot was placed 
and position into the hot investment ring with translucent “Enamel” side facing up. A 
cold IPS Multi One-Way Plunger and the IPS Alox Plunger was placed in the 
investment ring. The ingot and plunger were at ambient temperature. The assembled 
investment ring/ingot/plunger was placed in the center of the preheated press furnace 
and the IPS e.max press Multi program was started. The investment ring was 
removed after the end of pressing cycle and left at room temperature to cool down for 
at least 60 minutes according to manufacturer instructions.   
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Figure 10: Ivoclar Vivadent Programat EP5000/G2 pressing furnace  
Divesting: Investment material was divested by using a diamond disc and sand 
blasting to expose the pressed material following the manufacturer’s instructions. 
 
5.2.4 Pressing procedure for IPS e.max Press (Monochromatic ingots):  
Spruing: Four wax up specimens were attached to the 200-g IPS investment ring base at 
45-degree sprue angle to the ring base and verified by the IPS Sprue Guide according to 
the manufacturer’s instructions. (Figure 11 and Figure 12) 
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Figure 11. Spruing 4 wax specimens attached to the 200-g IPS investment ring base. 
Investing:  The phosphate-bonded IPS PressVEST Speed investment material (Type 1, 
Class 2) was used according to manufacturer instructions. IPS PressVest Speed 
investment material is provided in form of powder and liquid. For IPS e.max Press; 60% 
concentration of IPS PressVest Speed investment liquid is required. So, for the 200g 
investment ring 32ml of IPS PressVest Speed investment liquid mixed with 22ml of 
distilled water according to manufacturer instructions. 2 bags of 100g of IPS PressVest 
Speed investment powder were vacuum mixed with diluted (60%) IPS PressVest Speed 
investment liquid for 2.5 minutes. IPS Ring Gauge 200 g and the IPS Silicone Ring 200g 
were used to secure the investment mix and left to set at room temperature for 30 min 
minimum. After that, IPS Ring Gauge 200 g and IPS Investment Ring Base 200 g 
displaced and removed followed by sliding the investment ring from the IPS Silicone 
Ring 200g.  
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Figure 12. IPS Sprue Guide to verify sprue location and angulation 
Preheating, Pressing, and Divesting: Procedures are as described in the previous 
section. 
Removing reaction layer:  
For both IPS e.max Press and IPS e.max Multi Press pressed ingots, removal of the 
reaction layer was performed according to the manufacturer’s recommendation as 
follows:  
• Invex liquid prepared in a plastic container.  
• Each pressed ingot completely immerse in Invex liquid. 
• Container placed in an ultrasonic cleaner for 15 minutes.  
• Pressed ingot removed from liquid and left to dry.  
• White reaction layer carefully removed by 100 Al2O3 at 25 psi pressure.  
• Previous steps repeated for all pressed ingots. 
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5.2.5 Finishing and polishing:  
Following divesting step, a round depression “dimple” at the edge of each specimen was 
created by round diamond bur to mark the inner surface of opposite each pressed 
specimens for future reference and to confirm that all specimens are tested from the same 
outer side. Sprue sectioning was performed with a separating diamond disc. 
In finishing and polishing procedure, Buehler Ecomet 250 Grinder-Polisher was used.  
Each specimen was attached by “ Krazy-Glue “ to a round resin disc base “the specimen 
dimple side faces resin disc” to be able to stabilize it by Ecomet sample holder to perform 
uniform finishing and polishing procedure as show in Figure 13. 
Six specimens were placed at the same time in the Ecomet sample holder and the 
finishing step was performed by using a 15µ diamond disc rotating against the specimens 
for 1 minute and 30 seconds at 90 rpm speed with a 20 newtons force followed by 
polishing step which was proceed by using 1µ polishing paste on a polishing cloth disc 
for 2 minutes at 90 rpm speed with 5 newton force. (Figure 14,15, and 16) 
All specimens were observed to confirm a uniform finished and polished surface is 
created. A no. 15 blade was used to detach specimens from the resin base and then each 
specimen was immersed in 2 ml of acetone separately and placed in Vitrasonic cleaner 
for 5 minutes. Immersing in a clean Acetone step was done twice to confirm glue residual 
is completely removed.(Figure 17) Cleaned with running water and then air-spray used to 
dry specimens. 
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Figure 13. specimens attached to resin base in preparation for finishing and 
polishing procedure 
 
Figure 14. Buehler Ecomet 250 Grinder-Polisher (polishing setting) 
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Figure 15. Buehler Ecomet 250 Grinder-Polisher (finishing setting) 
 
Figure 16. Buehler Ecomet 250 Grinder-Polisher in process 
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Figure 17. Specimens immerse in 2 ml of Acetone separately and placed in 
Vitrasonic cleaner for 5 minutes 
 
5.2.6 Firing process:  
IPS e.max Press staining technique firing protocol was performed using an Ivoclar 
Vivadent Programat CS Furnace (Figure 18) which used for firing cycles and parameter 
set according to manufacturer’s recommendation as shows in Table 3. 
Six specimens at a time were loaded on honeycomb firing tray supported by metal 
pins.(Figure 19) All specimens were run through a 1st firing cycle and left at room 
temperature to cool down and then exposed to the next firing cycle after measuring color 
values in certain cycles, 1st,2nd,3rd,5th, and 7th cycle. 
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Figure 18. Ivoclar Vivadent Programat Cs Furnace 


















Vacuum 1  
V1 
[°C/°F] 
Vacuum 2  
V2 
[°C/°F] 
1st and 2nd  403/757 6:00 60/108 770/1418 1:00 450/842 769/1416 
Add on  403/757 6:00 50/90 700/1292 1:00 450/842 700/1292 
Table 3: IPS E.max Lithium disilicate firing cycles parameters  
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Figure 19. 6 Specimens placed on honeycomb firing tray supported by metal pins 
 
5.2.7 Color analysis:  
Color measurement for CIE L*a*b* was tested and recorded for each specimen by all 
three instruments used in this study, X-Rite Color i5 Spectrophotometer, VITA 
EasyShade® Advance 4.0 (VITA Zahnfabrik) and Adobe Photoshop CC 2015.5.1, after 
1st,2nd,3rd,5th, and 7th firing cycle.  
Background standard:  
A standard neutral gray background was placed directly behind each sample during color 
measurement process. The neutral gray card was certified to present CIELAB as a* and 
b* equal to 0 (±0.5). A customized reference holder was created and placed in the middle 
of the standard gray background to position and relocate each sample in the exact 
location while measuring color values by all the instruments used in this study as shown 
in Figure 21. 
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In addition, WhiBal® white balance reference card was used and placed next to samples 
during picture taking for all specimens as a pre-measured and certified reference tool to 
present a CIELAB readying as following: L*=75, a*= 0 and b*=0.(Figure 22)  
 
  
Figure 21. specimen placed on 
customized reference holder over 
standard gray background (measuring 
side) 
Figure 20. reference cycle at the back 
of gray background to reposition 
spectrophotometer arm and verify 
measured location on the specimens 
during measurement process 
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Figure 22. Analyzed picture with WhiBal® reference card with labeled specimen 
 
5.2.8 X-Rite Color i5 Benchtop Spectrophotometer 
By using reflectance measurement mode, calibration of this device is recommended every 
8 hours by manufacturer following these steps:  
1. Launch the calibration process from the software interface.  
2. Software will request to present and then remove the calibration tile “White 
tile used” and to prepare for the black trap.  
3. Once the calibration process is complete, the Calibrated LED shows a green 
light. 
Taking reflectance measurements:  
• Mounting of 6 mm aperture plate and placed in aperture rim correctly.(Figure 26) 
• Status panel shows reflection mode is selected, UV setting as D65, specular setting 
excluded and green light shown to confirm device is calibrated.  
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• Sample arm is opened.  
• Specimen placed on customized reference holder and place with gray card on 
attached stand to device door.(Figure 27) 
• Sample arm closed and its location is confirmed by the draw circle in the back of 
the gray reference card (Figure 24 and 25) to confirm color measuring through 
viewing port is performed exactly in the middle of each specimen.(Figure 23) 
• Measurements are taken by pressing trial button from application software 
interface.  
• Repeated measurements are taken 3 times for each specimen after each specified 
firing cycle for measurement.  
• Previous steps were repeated for each tested specimens.  
• Data is recorded by the application software and saved in the same computer and 
copied to an external hard drive. 
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Figure 23. : X-Rite Color i5 Spectrophotometer (Gretagmacbeth regensdorf 
Switzerland) during measurement 
 
Figure 24. reference cycle at the back of gray background to reposition 
spectrophotometer arm and verify measured location on the specimens during 
measurement process 
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Figure 26. : 6mm aperture plate placed in aperture rim during measurement 
 
Figure 25. Reference cycle at the back of gray background to reposition 
spectrophotometer arm and verify measured location on the specimens during the 
measurement process 
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Figure 27.  Specimen is placed on customized reference holder over standard gray 
background (measuring side) 
 
5.2.9 VITA EasyShade® Advance 4.0 – (VITA Zahnfabrik)  
The 4th generation Easyshade from Vita Zahnfabrik, Bad Sackingen, Germany. It has 
the advantage of being a small portable cordless, contact type spectrophotometer that 
provides shade information and numerical values such as CIELAB which is useful in 
the intra-oral color measuring process. It is cost efficient compared to benchtop 
spectrophotometers. This unit contains a hand piece and base which has a calibration 
block attached to it.  
Calibration:  
An automatic calibration is performed in this device and carried out by placing the 
instrument in the calibration block holder, so the probe tip is perpendicular to the 
calibration block, and reading are taken of calibration block. 
A green light will confirm the position and calibration process in the base of the unit.  
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Color measuring process:  
• Each specimen is placed over the standard gray background used in this study. 
• Measuring is performed by placing the probe tip of the EasyShade advance 4.0 
perpendicular in the middle of each test specimens.  
• Three measurements of CIE L*a*b* are recorded for each specimen after each 
measured firing cycle.  
• Device calibration is carried out before each specimen color measurement.  
• Each specimen is placed over the standard gray background used in this study. 
 
Figure 28: VITA EasyShade® Advance 4.0 – (VITA Zahnfabrik) 
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5.2.10 Adobe Photoshop CC 
Digital pictures were taken with standard imaging protocol for each specimen and 
analyzed by Adobe Photoshop software on computer.  
Imaging protocol:  
• Each specimen is stabilized on a gray card reference point and place on 
customized base to hold it at 45° inside a lighting booth “Macbeth 
Lighting by X-rite” with controlled illumination “fluorescence daylight 
6500K”. (Figure 29) 
• Digital SLR “Canon EOS 550D” camera with Macro Lens EF 100 mm 
1:1.8 fixed on tripod at 45° angulations and as 50cm distance from the 
lighting booth. (Figure 30) 
• WhiBal® white balance reference card placed next to specimen during 
picture taking for all specimens. (Figure 32 and Figure 33) 
• Camera setting was maintained throughout whole process of picture taking 
as follows:  
¨ Manual setting  
¨ Shutter speed: 0.8 sec.  
¨ Aperture size: F14 
¨ ISO: 100  
¨ Timer Auto-Camera: 2 sec.  
¨ Distance ratio: 1:5  
¨ All pictures were saved in a RAW Format. (Figure 31) 
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Figure 30. Digital Imaging protocol: Specimen placed inside lighting booth 
“Macbeth Lighting by X-rite” with controlled illumination “fluorescence daylight 
6500K”.  
 
Figure 29. Digital Imaging protocol: Pictures were taken in a dark room to control 
lightening.  
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Figure 31. Digital Imaging protocol: Camera settings 
 
Figure 32. Digital Imaging protocol. 
Adobe Photoshop analysis:  
Each taken picture was saved as RAW format. Adobe Photoshop CC was used.  
Each picture was opened in camera RAW window and verified that WhiBal card L*a*b* 
was equal to L*=75, a*= 0 and b*=0 to control white balance.  (Figure 34) In some 
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pictures, exposure was adjusted ± 0.5 to get L* exact equal to 75 and picture was opened 
in the main software window as shown in (Figure 35).  
Two vertical and two horizontal straight lines were drawn and aligned around the 
specimens to guide the location of the measured point in each specimen in reference to 
rulers as shows in Figure 36. A sampler tool was used to measure the selected point and 
read CIE lab values of each pixel. Sampler size was adjusted to measure 11x11 pixels and 
calculate the average reading of each pixel. Values were saved and recorded for statistical 
analysis. (Figure 36) 
 
Figure 33. Analyzed picture with WhiBal® reference card with labeled specimen 
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Figure 34. Adobe Photoshop CC analysis: verifying white balance by adjusting 
exposure (right side) to match WhiBal® reference card L*a*b* values to L*=75, 
a*=0 and b*=0 (top left). 
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Figure 35. Adobe Photoshop CC analysis: verifying white balance by adjusting 
exposure (right side) to match WhiBal® reference card L*a*b* values to 
L*=75, a*=0 and b*=0 (top left). 
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Figure 36. Adobe Photoshop CC analysis: Vertical and horizontal lines aligned 
to locate measuring tool right at the middle of each specimen. 
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Microstructural analysis:  
Scanning Electron Microscope Hitachi SU6600 (Figure 38) was used to evaluate 
microstructural changes of ceramic specimens after multiple firing cycles. Three 
specimens were selected from each shade group at different firing stages, Pre-firing, after 
3rd firing and after 7th firing cycles.  
Specimen preparation for SEM analysis was done according to following steps: 
1. Specimens clean with Isopropyl alcohol in Ultrasonic for 5 minutes.  
2. Dry on bench over Kim sheets (Kimwipes®) 
3. Specimens then etched with 9% hydrofluoric acid solution for 20s.  
4. Specimens immersed in distilled water and placed in Ultrasonic for 5 minutes.  
5. Specimens left to dry on bench over Kim sheets (Kimwipes®)  
6. Specimens fixed on aluminium base by 2 sided tape.  
Gold coating by Cressington Sputter Coater 108 was done for all specimens tested by 
SEM to increase conductivity and produce a high resolution images for lithium disilicate 
crystals during analysis. (Figure 37-39)  
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Figure 38: Scanning Electron Microscope Hitachi SU6600 
Figure 37: Cressington Sputter Coater 108 






Figure 39: Coated specimens fixed on aluminium base in preparation for 
SEM analysis  
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6. CHAPTER 6. RESULTS 
6.1 Intra instrumental reproducibility for CIELAB values for color 
analysis: 
For X-Rite Color i5 Spectrophotometer and VITA EasyShade® Advance 4.0, five 
consecutive measurements of CIELAB color values were recorded in 2 different sessions, 
the color difference ΔE, was calculated for shade color values to the mean values of the 
same method. Root Mean Square deviation (RMS) was calculated for each method to 
show the repeatability of color measurement for each shade by X-Rite Color i5 
Spectrophotometer as presented in Table 4-7 and by VITA EasyShade® Advance 4.0 in 
Table 8-11.  
In Adobe Photoshop CC analysis, five random points in the middle of each sample from 
each picture were analyzed by Adobe Photoshop and color values recorded.  
Color deviation to average (ΔE) was calculated for each sample then each shade values 
grouped and average recorded to compare among the measurement methods. As shown in 
Tables 12-15. Root Mean Square deviation (RMS) for all instruments used is summarized 
in Table 16. 
 
 









Name L*  a*  b*  ΔE* 
 
L*  a*  b*  ΔE* 
Vita Mark II, 1M1 64.4 -0.62 2.69 0.0161 
 
63.79 -0.64 2.7 0.0242 
Vita Mark II, 1M1  64.38 -0.63 2.68 0.0173 
 
63.78 -0.67 2.71 0.0113 
Vita Mark II, 1M1  64.38 -0.63 2.68 0.0173 
 
63.78 -0.67 2.72 0.0151 
Vita Mark II, 1M1  64.39 -0.64 2.71 0.0179 
 
63.79 -0.67 2.71 0.0082 
Vita Mark II, 1M1  64.40 -0.64 2.71 0.0205 
 
63.80 -0.66 2.71 0.0122 
Average  64.39 -0.63 2.69 
  
63.78 -0.66 2.71 
 
      RMS= 0.0179       RMS= 0.0152 
Table 4: CIELAB color analysis for Vita Mark II, 1M1 by X-Rite Color i5 Spectrophotometer 
 
 








Name L*  a*  b*  ΔE* 
 
L*  a*  b*  ΔE* 
Vita Mark II, 1M2 61.18 -0.49 4.81 0.0087 
 
61.07 -0.49 4.76 0.0227 
Vita Mark II, 1M2 61.18 -0.48 4.8 0.0189 
 
61.07 -0.51 4.75 0.0040 
Vita Mark II, 1M2 61.19 -0.49 4.8 0.0108 
 
61.08 -0.53 4.75 0.0209 
Vita Mark II, 1M2 61.19 -0.5 4.81 0.0060 
 
61.07 -0.51 4.74 0.0108 
Vita Mark II, 1M2 61.19 -0.52 4.82 0.0271 
 
61.08 -0.51 4.75 0.0060 
Average 61.186 -0.50 4.808 
  
61.074 -0.51 4.75 
 
      RMS= 0.0162       RMS= 0.0150 
Table 5:CIELAB color analysis for Vita Mark II, 1M2by X-Rite Color i5 Spectrophotometer 
 
 







Name L*  a*  b*  ΔE* 
 
L*  a*  b*  ΔE* 
Vita Mark II, 2M3 59.98 0.54 11.79 0.0110 
 
59.52 0.54 11.75 0.0165 
Vita Mark II, 2M3 59.98 0.51 11.78 0.0245 
 
59.51 0.54 11.73 0.0115 
Vita Mark II, 2M3 59.98 0.54 11.81 0.0190 
 
59.52 0.53 11.72 0.0152 
Vita Mark II, 2M3 59.98 0.53 11.79 0.0045 
 
59.52 0.53 11.72 0.0152 
Vita Mark II, 2M3  59.99 0.53 11.80 0.0100 
 
59.53 0.54 11.75 0.0193 
Average 59.982 0.53 11.80 
  
59.52 0.536 11.734 
 
      RMS= 0.0155       RMS= 0.0157 











Name L*  a*  b*  ΔE* 
 
L*  a*  b*  ΔE* 
Vita Mark II, 4M2 59.08 1.89 12.42 0.0224 
 
58.2 1.85 12.92 0.0134 
Vita Mark II, 4M2 59.10 1.86 12.45 0.0272 
 
58.2 1.85 12.93 0.0089 
Vita Mark II, 4M2 59.09 1.88 12.42 0.0134 
 
58.2 1.86 12.94 0.0110 
Vita Mark II, 4M2 59.10 1.89 12.42 0.0161 
 
58.19 1.86 12.93 0.0063 
Vita Mark II, 4M2 59.11 1.88 12.45 0.0228 
 
58.19 1.87 12.93 0.0134 
Average 59.10 1.88 12.432 
  
58.196 1.858 12.93 
 
      RMS= 0.0210       RMS= 0.0110 
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Name L*  a*  b*  Shade  ΔE* 
 
L*  a*  b*  Shade  ΔE* 
Vita Mark II, 1M1 85.5 -0.7 8.5 1M1 0.1720 
 
85.6 -0.6 8.6 1M1 0.0849 
Vita Mark II, 1M1 85.8 -0.6 8.6 1M1 0.1661 
 
85.5 -0.6 8.6 1M1 0.0721 
Vita Mark II, 1M1 85.6 -0.6 8.5 1M1 0.0748 
 
85.5 -0.6 8.5 1M1 0.0566 
Vita Mark II, 1M1 85.8 -0.6 8.5 1M1 0.1470 
 
85.6 -0.6 8.5 1M1 0.0721 
Vita Mark II, 1M1 85.6 -0.7 8.5 1M1 0.0872 
 
85.5 -0.6 8.5 1M1 0.0566 
Average  85.66 -0.6 8.52 
   
85.54 -0.6 8.54 
  
        RMS= 0.1356         RMS= 0.0693 
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 Session I    Session II  
Name L*  a*  b*  Shade  ΔE*  L*  a*  b*  Shade  ΔE* 
Vita Mark II, 1M2 82.1 -0.7 10.9 1M1 0.1265 
 
82 -0.7 10.9 1M1 0.0447 
Vita Mark II, 1M2 82 -0.7 11 1M1 0.0632 
 
81.9 -0.7 11 1M1 0.1000 
Vita Mark II, 1M2 82 -0.7 10.9 1M1 0.0447 
 
82 -0.7 10.9 1M1 0.0447 
Vita Mark II, 1M2 81.9 -0.7 11 1M1 0.1000 
 
82 -0.7 10.9 1M1 0.0447 
Vita Mark II, 1M2 81.9 -0.7 10.9 1M1 0.0894 
 
81.9 -0.7 10.9 1M1 0.0632 
Average  81.98 -0.7 10.94 
   
81.96 -0.7 10.92 
  
        RMS= 0.0894         RMS= 0.0632 
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 Session I    Session II  
Name L*  a*  b*  Shade  ΔE*  L*  a*  b*  Shade  ΔE* 
Vita Mark II, 2M3 79.5 0.2 23.7 2R2.5 0.0894 
 
79.6 0.2 23.6 2R2.5 0.0632 
Vita Mark II, 2M3 79.5 0.2 23.6 2R2.5 0.0447 
 
79.6 0.2 23.5 2R2.5 0.0447 
Vita Mark II, 2M3 79.4 0.2 23.6 2R2.5 0.0632 
 
79.5 0.2 23.5 2R2.5 0.0894 
Vita Mark II, 2M3 79.5 0.2 23.6 2R2.5 0.0447 
 
79.6 0.2 23.5 2R2.5 0.0447 
Vita Mark II, 2M3 79.4 0.2 23.6 2R2.5 0.0632 
 
79.6 0.2 23.6 2R2.5 0.0632 
Average  79.46 0.2 23.62 
   
79.58 0.2 23.54 
  
        RMS= 0.0632         RMS= 0.0632 
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 Session I    Session II  
Name L*  a*  b*  Shade  ΔE*  L*  a*  b*  Shade  ΔE* 
Vita Mark II, 4M2 75.7 2.6 25.3 3R2.5 0.1020 
 
75.8 2.7 25.2 3R2.5 0.1131 
Vita Mark II, 4M2 75.6 2.6 25.3 3R2.5 0.1281 
 
75.8 2.6 25.1 3R2.5 0.0283 
Vita Mark II, 4M2 75.7 2.6 25.1 3R2.5 0.1020 
 
75.8 2.6 25.2 3R2.5 0.0825 
Vita Mark II, 4M2 75.7 2.6 25.1 3R2.5 0.1020 
 
75.8 2.6 25.1 3R2.5 0.0283 
Vita Mark II, 4M2 75.7 2.6 25.2 3R2.5 0.0200 
 
75.8 2.6 25 3R2.5 0.1217 
Average  75.68 2.6 25.2 
   
75.8 2.62 25.12 
  
        RMS= 0.0980         RMS= 0.0849 
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Name L*  a*  b*  ΔE* 
Vita Mark II, 1M1 73.6 -1 7 0.8523 
Vita Mark II, 1M1  74 -1 7 0.4630 
Vita Mark II, 1M1  74.8 -1.2 6.6 0.4716 
Vita Mark II, 1M1  75 -1 7 0.5783 
Vita Mark II, 1M1  74.8 -1.2 6.8 0.3878 
Average  74.44 -1.08 6.88 
 
      RMS= 0.5741 
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Name L*  a*  L*  a*  
Vita Mark II, 1M2 72 -3 10.8 0.6274 
Vita Mark II, 1M2 71.4 -2.4 10.6 0.8400 
Vita Mark II, 1M2 72.8 -2.6 10.2 0.6337 
Vita Mark II, 1M2 72.4 -2.8 10.4 0.3124 
Vita Mark II, 1M2 72.4 -2 10 0.7167 
Average  72.2 -2.56 10.4 
 
      RMS= 0.6499 
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Name L*  a*  b*  ΔE* 
Vita Mark II, 2M3 68.4 -1 23 0.5879 
Vita Mark II, 2M3 68.4 -0.8 23.4 0.7386 
Vita Mark II, 2M3 69.8 -1 22.6 0.9130 
Vita Mark II, 2M3 69.2 -0.6 22.8 0.3600 
Vita Mark II, 2M3 69 -0.8 22.8 0.1327 
Average  68.96 -0.84 22.92 
 
      RMS= 0.6119 
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Name L*  a*  L*  a*  
Vita Mark II, 1M2 68.2 3 23.8 0.6524 
Vita Mark II, 1M2 68.6 2.4 23.8 0.3124 
Vita Mark II, 1M2 69 2.4 23.4 0.4400 
Vita Mark II, 1M2 69 3 23.4 0.5154 
Vita Mark II, 1M2 68.8 2.4 23.8 0.2993 
Average  68.72 2.64 23.64 
 
      RMS= 0.4630 














Table 16. Summary of Root Mean Square deviation (RMS) 
RMS  1M1 1M2 2M3 4M2 
X-Rite Color i5 
Spectrophotometer 
1ST  0.0176 0.0162 0.0155 0.0210 
2ND 0.0152 0.0151 0.0157 0.0110 
VITA EasyShade® 
Advance 4.0 
1ST 0.1356 0.0632 0.0894 0.0980 
2ND 0.0683 0.0632 0.0632 0.0849 
Adobe Photoshop CC 0.5741 0.6119 0.6499 0.4630 
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Figure 40. Root Mean Square (RMS) average of X-Rite Color i5 Spectrophotometer, VITA EasyShade® Advance 4.0 













1ST 2ND 1ST 2ND
Xrite i5 spectrophotometer Easyshade Advance 4.0 Adobe Photoshop
average 
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Color generation:   
Color generation was done using (http://colorizer.org/) to evaluate CIE L*a*b* values 
from the X-Rite Color i5 Spectrophotometer, VITA EasyShade® Advance 4.0 and 
Adobe Photoshop CC.  
X-Rite Color i5 Spectrophotometer values shows color in the gray scale and is different 
from the tooth color range compared to values retrieved from VITA EasyShade® 
Advance 4.0 and Adobe Photoshop CC as shown in Figure 41. Color difference DE was 
calculated and shows DE= 22.79 between values from X-Rite Color i5 Spectrophotometer 
and VITA EasyShade® Advance 4.0, and lower DE =14.39 between X-Rite Color i5 
Spectrophotometer and Adobe Photoshop CC. When evaluating color difference DE of 
values from VITA EasyShade® Advance 4.0 and Adobe Photoshop CC, DE= 10.57 as 
shown in Figure 42.  
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Figure 41. Color generation of CIELAB L*a*b* values of Vita Mark II, 2M3 
retrieved by X-Rite Color i5 Spectrophotometer, VITA EasyShade® Advance 4.0 
and Adobe Photoshop CC.  
Figure 42. Color difference DE between CIELAB L*a*b* values of Vita Mark II, 
2M3 retrieved by X-Rite Color i5 Spectrophotometer, VITA EasyShade® Advance 
4.0 and Adobe Photoshop CC.  
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6.2 Color stability of pressed monolithic IPS E.max lithium disilicate 
ceramic material after multiple firing cycles:  
CIELAB color difference (DE*ab) and CIEDE2000 color difference (DE00) were 
calculated by comparing 2nd,3rd,5th and 7th cycle to the baseline 1st cycle, descriptive 
statistics of the study specimens were summarized in Table 17 for (DE*ab) and (DE00) in 
Table 18. Figure 43 shows a gradual increase in means and standard deviation of (DE00) 
for all ceramic groups after multiple firing cycles tested by different measuring 
instruments up to the 7th firing cycle, except for IPS E.max Monochromatic group (A2) 
up to 5th cycle in values measured by X-Rite Color i5 Spectrophotometer and Adobe 
Photoshop CC.  
Mean and standard deviation of color difference (DE*ab) and (DE00) between X-Rite 
Color i5 Spectrophotometer, VITA EasyShade® Advance 4.0 and Adobe Photoshop CC 











EasyShade Photoshop Spectrophotometer  
Shade Fire cycle Mean Std Dev Mean Std Dev Mean Std Dev 
A2 Cycle 2 0.455 0.152 1.575 1.298 1.105 0.494 
  Cycle 3 0.855 0.148 1.976 0.993 0.927 0.807 
  Cycle 5 1.466 0.118 2.049 0.518 2.056 0.852 
  Cycle 7 1.953 0.226 2.073 0.982 1.382 0.591 
Dentin Cycle 2 0.440 0.226 0.920 0.403 1.317 0.686 
  Cycle 3 1.033 0.256 1.989 0.926 1.787 0.708 
  Cycle 5 1.638 0.240 2.354 0.424 3.309 0.690 
  Cycle 7 2.361 0.199 2.584 1.211 3.575 0.603 
Enamel Cycle 2 0.294 0.115 1.255 0.797 0.901 0.516 
  Cycle 3 1.273 0.102 1.911 0.432 1.845 0.631 
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  Cycle 5 2.101 0.325 2.836 0.644 3.404 0.762 
  Cycle 7 2.639 0.447 3.393 1.242 3.922 0.557 








EasyShade Photoshop Spectrophotometer 
Shade Fire cycle Mean Std Dev Mean Std Dev Mean Std Dev 
A2 Cycle 2 0.328 0.103 1.171 0.889 0.915 0.405 
 Cycle 3 0.512 0.106 1.844 0.637 0.762 0.664 
 Cycle 5 0.859 0.087 2.058 0.246 1.677 0.699 
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 Cycle 7 1.165 0.148 1.837 0.618 1.131 0.485 
Dentin Cycle 2 0.292 0.153 0.708 0.325 1.078 0.543 
 Cycle 3 0.568 0.179 1.383 0.651 1.427 0.576 
 Cycle 5 0.813 0.161 1.736 0.267 2.650 0.550 
 Cycle 7 1.301 0.141 1.873 0.723 2.859 0.475 
Enamel Cycle 2 0.240 0.078 1.030 0.554 0.777 0.430 
 Cycle 3 0.863 0.061 1.580 0.400 1.565 0.536 
 Cycle 5 1.401 0.211 2.251 0.490 2.846 0.623 
 Cycle 7 1.750 0.296 2.559 0.869 3.282 0.461 
Table 18: Descriptive statistics for CIEDE2000 color difference (DE00)
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Figure 43 : (DE00) means and SD for specimens tested by different measuring 
instruments after multiple firing cycles.  
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Figure 45: Mean/SD of (DE00 ) between measuring instruments after multiple firing 
cycles 
Figure 44: Mean/SD of (DE*ab )between measuring instruments after 
multiple firing cycles. 
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Linear regression analysis showed a significant difference in all groups with p-value 
<0.05, after multiple firing cycles, between instruments used and in different shades 
groups. In addition to statistical significant different in interactive effect between 
different shades tested by different instrument, different shades tested after multiple firing 
cycles, and different instruments after multiple firing cycles as shown in the effect 
















Source LogWorth  PValue 
Fire cycle 55.066  0.00000 
Instrument 18.631  0.00000 
Shade 12.527  0.00000 
Shade*Fire cycle 9.313  0.00000 
Shade*Instrument 5.915  0.00000 
Instrument*Fire cycle 3.017  0.00096 
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Source LogWorth  P-
Value 
Fire cycle 54.637  0.00000 
Instrument 41.735  0.00000 
Shade 12.454  0.00000 
Shade*Instrument 12.126  0.00000 
Shade*Fire cycle 9.008  0.00000 
Instrument*Fire cycle 5.160  0.00001 
Table 20: Effect summary for linear regression analysis of (DE00 ) 
 
Multiple comparison analysis (Tukey’s HSD test) for DE00 shows significant difference in 
different levels within each group as follow: different shade presented in Table 21 
(Figure 46), different instruments as shown in Table 22 (Figure 47) and after multiple 
firing cycles as in Table 23 (Figure 48).  
Interaction effect analysis showed different significant levels in between different 
instruments and tested shades as presented in Table 24(Figure 49), different instruments 
and multiple firing cycles as shown in Table 25 (Figure 50) and lastly different shade 
groups after multiple firing cycles as displayed in Table 26 (Figure 51).  
Multiple comparison analysis (Tukey’s HSD test) and interaction effect analysis were 
performed also to evaluate (DE*ab) data as presented in in Tables 27-32 (Figures 52-57). 
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Level    Least Sq Mean Means Std Dev 
Enamel A   1.679 1.679 0.984 
Dentin  B  1.391 1.396 0.872 
A2   C 1.188 1.188 0.718 
*Levels not connected by same letter are significantly different 






Figure 46: (DE00) Means for different shades. 
 
 




Level   Least Sq Mean Means Std Dev 
Spectrophotometer A  1.747 1.747 1.020 
Photoshop A  1.669 1.677 0.757 
EasyShade  B 0.841 0.841 0.488 
 
*Levels not connected by same letter are significantly different. 
Table 22: Multiple comparison (Tukey’s HSD test) for different instruments. 
 
 
Figure 47 : (DE00) Means for different instruments. 
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Level    Least Sq Mean Mean Std Dev 
Cycle 7 A   1.973 1.973 0.556 
Cycle 5 A   1.810 1.810 0.656 
Cycle 3  B  1.167 1.167 0.792 
Cycle 2   C 0.727 0.727 0.884 
 
*Levels not connected by same letter are significantly different. 
Table 23: Multiple comparison (Tukey’s HSD test) in different firing cycles. 
 
 
Figure 48: (DE00)Means in different firing cycles. 





Level        Least Sq Mean Mean Std Dev 
Enamel,Spectro A       2.118 2.118 1.127 
Dentin,Spectro A B      2.004 2.004 0.931 
Enamel,Photoshop A B      1.855 1.855 0.836 
A2,Photoshop  B C     1.728 1.728 0.702 
Dentin,Photoshop   C D    1.425 1.443 0.681 
A2,Spectro    D E   1.121 1.121 0.656 
Enamel,Easyshade     E F  1.064 1.064 0.606 
Dentin,Easyshade      F G 0.744 0.744 0.405 
A2,Easyshade       G 0.716 0.716 0.344 
 
*Levels not connected by same letter are significantly different. 
Table 24: Multiple comparison (Tukey’s HSD test) for different instruments testing 
different shades. 
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Figure 49: Interaction effect of (DE00) Least Squares Means between 
instruments used and different shades.  
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Level         Least Sq Mean Mean Std Dev 
Enamel,Cycle 7 A        2.530 2.530 0.856 
Enamel,Cycle 5 A B       2.166 2.166 0.757 
Dentin,Cycle 7  B C      2.011 2.011 0.816 
Dentin,Cycle 5   C D     1.733 1.733 0.840 
A2,Cycle 5    D E    1.531 1.531 0.657 
A2,Cycle 7    D E F   1.378 1.378 0.555 
Enamel,Cycle 3    D E F   1.336 1.336 0.506 
Dentin,Cycle 3     E F G  1.126 1.126 0.637 
A2,Cycle 3      F G H 1.039 1.039 0.782 
A2,Cycle 2       G H 0.805 0.805 0.655 
Dentin,Cycle 2        H 0.693 0.692 0.493 
Enamel,Cycle 2        H 0.682 0.682 0.516 
 
*Levels not connected by same letter are significantly different. 
Table 25: Multiple comparison (Tukey’s HSD test) for different shades after 
multiple firing cycles. 
 
 86   
 
 
Figure 50: Interaction effect of (DE00) Least Squares Means between different 
shades after multiple firing cycles. 
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Level       Least Sq Mean Mean Std Dev 
Spectro,Cycle 7 A      2.424 2.424 1.051 
Spectro,Cycle 5 A      2.391 2.391 0.798 
Photoshop,Cycle 7 A      2.090 2.090 0.793 
Photoshop,Cycle 5 A      2.015 2.015 0.403 
Photoshop,Cycle 3  B     1.602 1.602 0.587 
Easyshade,Cycle 7  B C    1.405 1.405 0.324 
Spectro,Cycle 3  B C D   1.251 1.251 0.675 
Easyshade,Cycle 5   C D E  1.024 1.024 0.313 
Photoshop,Cycle 2    D E  0.970 0.979 0.649 
Spectro,Cycle 2    D E  0.923 0.923 0.464 
Easyshade,Cycle 3     E F 0.647 0.648 0.198 
Easyshade,Cycle 2      F 0.287 0.287 0.117 
 
*Levels not connected by same letter are significantly different. 
Table 26 Multiple comparison (Tukey’s HSD test) for different measuring 
instruments after multiple firing cycles. 
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Figure 51: Interaction effect of (DE00) Least Squares Means between different 
instruments measurements after multiple firing cycles. 














*Levels not connected by same letter are significantly different. 




Level    Least Sq Mean Mean Std Dev 
Enamel A   2.148 2.148 1.226 
Dentin  B  1.943 1.951 1.090 
A2   C 1.489 1.489 0.858 
Figure 52: (DE*ab) Means for different shades. 




Level   Least Sq Mean Mean Std Dev 
Spectro A  2.128 2.128 1.249 
Photoshop A  2.078 2.086 1.058 
EasyShade  B 1.376 1.376 0.788 
*Levels not connected by same letter are significantly different. 






Figure 53: (DE*ab) Means for different measuring instrument




Level     Least Sq Mean Mean Std Dev 
Cycle 7 A    2.654 2.654 1.076 
Cycle 5  B   2.356 2.357 0.844 
Cycle 3   C  1.511 1.511 0.762 
Cycle 2    D 0.919 0.918 0.735 
*Levels not connected by same letter are significantly different. 
 Table 29: Multiple comparison (Tukey’s HSD test) in different firing cycles. 
 
Figure 54: (DE*ab) Means for different firing cycles. 














*Levels not connected by same letter are significantly different. 





Level     Least Sq Mean Mean Std Dev 
Enamel,Spectro A    2.518 2.518 1.361 
Dentin,Spectro A    2.497 2.497 1.171 
Enamel,Photoshop A B   2.349 2.349 1.157 
Dentin,Photoshop  B C  1.964 1.988 1.013 
A2,Photoshop  B C  1.918 1.918 0.971 
Enamel,Easyshade   C D 1.577 1.577 0.939 
Dentin,Easyshade    D 1.368 1.368 0.755 
A2,Spectro    D 1.367 1.367 0.802 
A2,Easyshade    D 1.182 1.182 0.601 
 93   
 
Figure 55: Interaction effect of (DE*ab) Least Squares Means between instruments 
used and different shades. 
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Level       Least Sq Mean Mean Std Dev 
Enamel,Cycle 7 A      3.318 3.318 0.961 
Dentin,Cycle 7 A B     2.840 2.840 0.932 
Enamel,Cycle 5 A B     2.780 2.780 0.798 
Dentin,Cycle 5  B     2.434 2.434 0.840 
A2,Cycle 5   C    1.857 1.857 0.626 
A2,Cycle 7   C D   1.803 1.803 0.719 
Enamel,Cycle 3   C D   1.676 1.676 0.519 
Dentin,Cycle 3   C D E  1.603 1.603 0.786 
A2,Cycle 3    D E F 1.252 1.252 0.887 
A2,Cycle 2     E F 1.045 1.045 0.908 
Dentin,Cycle 2      F 0.896 0.891 0.593 
Enamel,Cycle 2      F 0.817 0.817 0.668 
 
*Levels not connected by same letter are significantly different. 
Table 31: Multiple comparison (Tukey’s HSD test) for different shades after 
multiple firing cycles. 
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Figure 56 Interaction effect of (DE*ab) Least Squares Means between different 
shades after multiple firing cycles
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Level        Least Sq Mean Mean Std Dev 
Spectro,Cycle 7 A       2.960 2.960 1.275 
Spectro,Cycle 5 A       2.923 2.923 0.971 
Photoshop,Cycle 7 A B      2.683 2.683 1.241 
Photoshop,Cycle 5 A B C     2.413 2.413 0.613 
Easyshade,Cycle 7  B C     2.318 2.318 0.415 
Photoshop,Cycle 3   C D    1.959 1.959 0.795 
Easyshade,Cycle 5    D E   1.735 1.735 0.360 
Spectro,Cycle 3    D E F  1.520 1.520 0.815 
Photoshop,Cycle 2     E F  1.254 1.261 0.930 
Spectro,Cycle 2      F  1.108 1.108 0.578 
Easyshade,Cycle 3      F  1.054 1.054 0.246 
Easyshade,Cycle 2       G 0.396 0.396 0.181 
*Levels not connected by same letter are significantly different. 
Table 32: Multiple comparison (Tukey’s HSD test) for different measuring 
instruments after multiple firing cycles 
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Figure 57: Interaction effect of (DE*ab) Least Squares Means between different 
instruments measurements after multiple firing cycles.
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Color Difference (DE00) Interval:  
Color difference (DE00) interval was analyzed to evaluate color shift in values for firing 
cycle compared to previous cycle as following 2nd to 1st, 3rd to 2nd, 5th to 3rd and 7th to 5th 
firing cycle. Descriptive statistics are summarized in Table 33.  
 
  Instrument 
  EasyShade Photoshop Spectro 
Shade Fire cycle Mean Std Dev Mean Std Dev Mean Std Dev 
A2 Cycle 2 0.328 0.103 1.171 0.889 0.915 0.405 
  Cycle 3 0.735 0.108 1.469 0.645 0.606 0.297 
  Cycle 5 0.371 0.047 1.046 0.623 1.063 0.509 
  Cycle 7 0.517 0.219 1.215 0.558 0.762 0.567 
Dentin Cycle 2 0.292 0.153 0.708 0.325 1.078 0.543 
  Cycle 3 0.486 0.124 1.451 0.617 0.944 0.516 
  Cycle 5 0.372 0.105 1.096 0.664 1.264 0.416 
  Cycle 7 0.647 0.281 1.107 0.598 0.432 0.422 
Enamel Cycle 2 0.240 0.078 1.030 0.554 0.777 0.430 
  Cycle 3 0.722 0.074 1.435 0.527 1.386 0.717 
  Cycle 5 0.558 0.197 0.925 0.478 1.815 1.023 
  Cycle 7 0.368 0.293 0.893 0.963 0.540 0.437 
Table 33: Descriptive statistics for color difference (DE00) interval 
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Linear regression analysis showed a significant difference in at least one of the groups 




Table 34: Effect summary for linear regression analysis of (DE00 ) interval 
 
 
Multiple comparison analysis (Tukey’s HSD test) for DE00 interval shows no significant 
difference in different shades as presented in Table 35 ( Figure 58). Significant difference 
found in at least one of the levels within following groups: firing cycles, interaction effect 
between shades and firing cycles in addition to shades and different instruments used, as 
presented in Tables 36-38( Figures 59-61). 
 
 
Source LogWorth  PValue  
Instrument 20.932  0.00000  
Instrument*Fire cycle 5.574  0.00000  
Fire cycle 4.692  0.00002 ^ 
Shade*Fire cycle 1.197  0.06359  
Shade*Instrument 1.079  0.08335  
Shade 0.225  0.59545 ^ 










*Levels not connected by same letter are significantly different. 





Level  Least Sq Mean 
Enamel A 0.891 
A2 A 0.849 
Dentin A 0.825 
Figure 58: DE00 interval Means for different shades. 




Level   Least Sq Mean 
Cycle 3 A  1.026 
Cycle 5 A  0.946 
Cycle 2  B 0.729 
Cycle 7  B 0.720 
*Levels not connected by same letter are significantly different. 





Figure 59: DE00 interval Means of different firing cycles 
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Level     Least Sq Mean 
A2,Photoshop A    1.225 
Enamel,Spectro A B   1.129 
Dentin,Photoshop A B   1.096 
Enamel,Photoshop A B   1.070 
Dentin,Spectro A B   0.929 
A2,Spectro  B C  0.836 
A2,Easyshade   C D 0.487 
Enamel,Easyshade    D 0.472 
Dentin,Easyshade    D 0.449 
*Levels not connected by same letter are significantly different. 
Table 37: Multiple comparison (Tukey’s HSD test) forDE00 interval for different 




Figure 60: Interaction effect of DE00 interval least squares means between 
instruments used and different shades. 
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Level    Least Sq Mean 
Enamel,Cycle 3 A   1.181 
Enamel,Cycle 5 A B  1.099 
Dentin,Cycle 3 A B C 0.960 
A2,Cycle 3 A B C 0.937 
Dentin,Cycle 5 A B C 0.911 
A2,Cycle 7 A B C 0.831 
A2,Cycle 5 A B C 0.827 
A2,Cycle 2 A B C 0.804 
Dentin,Cycle 7  B C 0.729 
Dentin,Cycle 2  B C 0.700 
Enamel,Cycle 2  B C 0.682 
Enamel,Cycle 7   C 0.600 
*Levels not connected by same letter are significantly different. 
Table 38: Multiple comparison (Tukey’s HSD test) forDE00 interval in different 
shades after multiple firing cycles 
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Figure 61: Interaction effect of DE00 interval Least Squares Means between 
different shades after multiple firing cycles 
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6.3 Microstructure Analysis by Scanning Electron Microscope (SEM): 
Specimens were evaluated under scanning electron microscope to look for 
microstructural changes of test ceramic materials over multiple firing cycles. Three 
specimens from each shade were selected at different firing cycles, pre-firing, after 3rd 




firing cycle  7
th
 firing cycle  
MultiChromatic (Enamel) Multi-E-B12 Multi-E-A11 Multi-E-A1 
MultiChromatic (Dentin) Multi-D-B12 Multi-D-A11 Multi-D-A1 
MonoChromatic Mono-D12 Mono-C11 Mono-B6 
Table 39: Specimens used for SEM analysis 
For IPS e.max® Multi Press translucent (enamel), no significant change was observed in 
crystals structure after 3rd and 7th firing cycles compared to pre-firing specimen as shows 
in Figures 62-64. On the other hand, significant change was observed in IPS e.max® 
Multi Press (Dentin) specimens after multiple firing cycles, 3rd and 7th compared to pre-
firing cycle as presented in Figures 65-67. 
For IPS e.max® Press Monochromatic, no significant change was detected in crystals 
structure after 3rd and 7th firing cycles compared to pre-firing specimen as seen in 
Figures 68-70.




Figure 64: SEM analysis for IPS e.max® Multi Press translucent (Enamel) specimen 
at 2.0µm.
Figure 62: SEM analysis for IPS e.max® Multi Press translucent (Enamel) specimen 
at 10.0µm 
Pre-firing  3rd firing cycle  7th firing cycle  
   
Pre-firing  3rd firing cycle  7th firing cycle  
   
Figure 63: SEM analysis for IPS e.max® Multi Press translucent (Enamel) specimen 
at 5.0µm 
Pre-firing  3rd firing cycle  7th firing cycle  
   






Pre-firing  3rd firing cycle  7th firing cycle  
   
Figure 65: SEM analysis for IPS e.max® Multi Press (Dentin) specimen at 10.0µm 
Pre-firing  3rd firing cycle  7th firing cycle  
   
Figure 66: SEM analysis for IPS e.max® Multi Press (Dentin) specimen at 5.0µm 
Pre-firing  3rd firing cycle  7th firing cycle  
   
Figure 67: SEM analysis for IPS e.max® Multi Press (Dentin) specimen at 2.0µm 






Pre-firing  3rd firing cycle  7th firing cycle  
   
Figure 68: SEM analysis for IPS e.max® Press Monochromatic specimen at 10.0µm 
Pre-firing  3rd firing cycle  7th firing cycle  
   
Figure 69: SEM analysis for IPS e.max® Press Monochromatic specimen at 5.0µm 
Pre-firing  3rd firing cycle  7th firing cycle  
   
Figure 70: SEM analysis for IPS e.max® Press Monochromatic specimen at 2.0µm 
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Energy Dispersive X-Ray Spectroscopy (EDS) analysis:  
Energy Dispersive X-Ray Spectroscopy (EDS) analysis was performed to evaluate 
different crystals elements, fine crystals analysis (Spectrum 781: Figure 71) shows more 
(Si) and less Zn, Mg and Al oxides contents (Figure 72) compared to coarser crystal 
morphology (Spectrum 780 :Figure 71) which showed less Si oxide contents and more 
Zn, Mg and Al oxide contents (Figure 73).  
Contents comparison between both crystals morphology for IPS e.max® Press Lithium 
Disilicate material are presented in Figure 74.  
 
Figure 71:EDS Analysis for different crystals morphology for 
IPS e.max® Press Lithium Disilicate material.  
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Figure 72: EDS Analysis for “Coarse” Crystal shape  morphology of IPS e.max® 
Press Lithium Disilicate material contents. 
Figure 73: EDS Analysis for “Fine” Chrystal shape morphology of IPS e.max® 
Press Lithium Disilicate material contents. 










Figure 74: EDS Analysis : contents comparison between both crystals morphology  
for IPS e.max® Press Lithium Disilicate material. 
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7. CHAPTER 7. DISCUSSION  
It is essential to validate accuracy and precision or repeatability of measuring instruments 
used to analyze color in dental research.45, 46 Repeatability testing was performed to 
evaluate device precision use over time. The results of this study show that the benchtop 
Xrite i5 spectrophotometer has a higher repeatability in color value analysis followed by 
EasyShade Advance 4.0 compared to Adobe Photoshop analysis (Table 16). This is in 
agreement with literature that spectrophotometers produce the most precise color 
measurements.13, 14, 31 
There was a significant difference in generated color by using CIE L*a*b* values from 
each instrument used and this due to the variation in L*a*b* values which were recorded  
by each instruments of the same tested ceramic specimen.(Figure 41) The color recorded 
using the EasyShade values better match color of natural dentition as observed data from 
two previous independent studies.47, 48 
In the current study, comparing the means and standard deviation of both systems used to 
evaluate color difference CIELAB and CIEDE2000, we can see a correlation in the 
direction of changes with all three instruments used in this study as shown in Figure 44 
and Figure 45 but with a lower values of DE00 data in all groups (Table 18) compared to 
DE*ab data (Table 17) . This is in agreement with previous study concerning color 
difference systems used to evaluate color in dentistry.17 CIEDE2000 has been 
recommended to be used more in color science in dentistry to provide a higher degree of 
fit and to better correlate the perceived and computed color analysis.17,49 Several studies 
found that 50:50% perceptibility threshold set below DE00 = 1.3 unit and 2.3 for clinical 
 113   
acceptability.19,27 In this study, statistical significant difference  (p <0.01) found in DE00 
of different shades groups after multiple firing cycles measured by different instruments 
to evaluate color values. Furthermore, VITA EasyShade® analysis shows the lowest DE00 
values among all groups as presented in Figure 47.  
For IPS e.max® Press Monochromatic group, the color difference in all firing cycles 
compared to 1st cycle is below perceptibility threshold, DE00 = 0.328 for the 2nd cycle to 
1.171 in 7th cycle. For Adobe Photoshop CC and X-Rite Color i5 Spectrophotometer 
analysis for IPS e.max® Press Monochromatic group, color difference was higher after 
5th firing cycle as DE00= 2.058, DE00 = 1.677 respectively which is a perceptible color 
changes but clinically acceptable. (Table 18)  
In IPS e.max® Multi Press (Dentin) group, VITA EasyShade® shows the lowest color 
difference values compared to other instruments used. Color shift shows gradual increase 
with firing cycles up to the 7th cycle measured by VITA EasyShade® and Adobe 
Photoshop CC with DE00 = 1.301 and 1.873  respectively which is a perceptible color 
change but clinically acceptable. In X-Rite Color i5 Spectrophotometer analysis, DE00 
shows color difference beyond the referenced clinically acceptable threshold after 5th 
firing cycle with DE00 =2.650 and higher after 7th firing cycle with DE00 = 2.859 as shown 
in Table18.   
In IPS e.max® Multi Press translucent (Enamel) group, the VITA EasyShade® also 
shows the lowest values with perceptible color difference after 5th firing cycle DE00 = 
1.750 but still clinically acceptable. Data from Adobe Photoshop CC analysis shows 
gradual increase in perceptible color difference of DE00 after multiple firing cycles. 
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However the color difference increased with DE00 = 2.559 after the 7th cycle which is 
greater than clinical acceptability threshold. Using the X-Rite Color i5 
Spectrophotometer analysis, perceptible color difference similar to IPS e.max® Multi 
Press (Dentin) group observed and color difference greater than clinical acceptability 
threshold after 5 firing cycles with DE00 =2.847 and DE00 = 3.282 after 7th firing cycle  
which is the highest color shift detected among all groups as shown in Figure 45. In this 
study based on the data obtained, the null hypothesis is rejected as the color values of IPS 
e.max press lithium disilicate are affected by the number of firing cycles with different 
measuring instruments. 
The influence of number of firings on color shift of dental ceramic was evaluated in some 
studies and no significant difference was reported.1,50 However, other studies showed 
significant color changes after multiple firing cycles.7,8,51 It has been explained in 
literature that different ceramic materials used would affect the variation in previous 
studies outcome. Based on this study, the different type of instruments used to evaluate 
color change in dental ceramic would also affect the outcome color difference, especially 
when we consider the perceptibility and acceptability thresholds of certain ceramic 
material after multiple firing. Most available literatures in dental research are comparing 
instrument based spectrophotometers to human observer assessment and limited number 
to evaluate inter-instrumental of colorimeter, spectrophotometers and digital imaging in 
color analysis.13   
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In regard to presented variations in values of this study, we reject our null hypothesis and 
accept the alternative hypothesis there is difference between X-Rite Color i5 
Spectrophotometer, Adobe Photoshop CC and VITA EasyShade® Advance 4.0. 
These variations are possibly due to following factors:  
1) Difference instrument measuring geometry. 
2) Systems variation in transforming optical data to numerical data for color 
analysis. 
3) Distance of the sample during measurement. 
4) Light source and illuminance 
5) Detection system.3 
Looking at the statistically significant level comparing means of DE00 between X-Rite 
Color i5 Spectrophotometer and Adobe Photoshop CC in Table 22 ( Figure 47 ) we can 
see the strong correlation between both instruments values which match previous study 
comparing Spectrophotometer and Adobe Photoshop to evaluate CIE L*,a* and b* 
values.13  
Benchtop X-Rite Color i5 Spectrophotometer is designed to measure all exciting colors 
with a diffuse and uniform light illumination by pulsed xenon D65 calibrated lamp unlink 
VITA EasyShade® Advance 4.0 which uses White High Power LED light source to 
measure color reflectance in tooth shades range and relate values based on 
manufacturer’s reference. Adobe Photoshop CC analysis relies on captured images by 
CCD (charge-coupled device) sensors which contain millions of light sensitive photosites 
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(pixelsite). The Sensors may use filters to separate light to three primary colors, Red, 
Green and Blue and then converted to CIE L*a*b* scale. 
 
Microstructural analysis:  
SEM analysis of specimens of IPS e.max® Multi Press translucent (Enamel) group and 
IPS e.max® Press Monochromatic group shows no observed morphological changes in 
microstructure and lithium disilicate crystals compared to images of IPS E.max® Multi 
Press (Dentin) group. Morphological changes in crystals were detected after three firing 
cycles and shows less crystals’ sharpness and more courser spherical in shape. These 
changes were more obvious after 7th firing cycle of IPS e.max® Multi Press (Dentin) 
group as seen in Figure 66, although both tested specimens of IPS e.max® Multi Press 
(Dentin) group and IPS e.max® Multi Press translucent (enamel) group are pressed from 
the same ingot. . The dissimilarity in both specimens is the color which referred to 
different amount of polyvalent metal ions. The instability of polyvalent metal ions as 
confirmed in previous studies are not color stable post exposure to multiple firing 
temperature.48,50,51 This would explain the difference in color of IPS ceramic material 
after multiple firing cycles and might also reflect on the microstructural morphology of 
lithium disilicate of dentin group. EDS analysis in (Figure 74) shows more Zn, Mg, and 
Al oxide contents in courser “spherical” shape crystals similar to transformed crystal 
morphology of IPS E.max® Multi Press (Dentin) group (Figure 66) which might be due 
to partial crystals dissolved in glass post repeated firing cycles. 
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Clinical relevance:  
Shade selection and matching color to natural dentition or restorations is a critical step for 
dentists, and to eliminate subjectivity of visual shade matching and associated limitations, 
instruments-based color analysis devices can provide more information to understand 
existing shade and lead to optimum esthetic restorations.  It is also important to consider 
material limitations in controlling color during fabrication process or frequent color 
adjustment which involves exposing ceramic material to multiple firing cycles.  
Practitioners and researchers should be aware that different measuring instruments used 
to evaluate CIE L*a*b* may represent different levels of interpretation especially when it 
comes to perceptibility and clinical acceptability thresholds.  
 
Limitation of this study:  
• Small specimen dimension which might reflect on color values analyzed by X-
Rite Color i5 Spectrophotometer in our study, we used the smallest available 
aperture plate (6mm) which might cause edge loss of the light due to small tested 
window. It was found that reducing the window size will result in lower CIE 
L*a*b* values.49,52  We were limited to the specimens designed due to pressing 
requirements for IPS press lithium disilicate ingots.  
• No glaze or colorant stains were added which might have an impact on color 
stability of IPS e.max lithium disilicate material. Scope of current study is to 
evaluate the core material and its color stability after multiple firing cycle.  
 118   
 
Future Recommendation:  
• To investigate and identify more variables within available color analysis 
instruments which might reflect on the outcome of color analysis in dental 
research. 
• To investigate and identify crystals morphology alteration of pressed lithium 
disilicate material after multiple firing cycles by X-ray Diffraction (XRD) analytic 
tool which will provide more information and better understanding at 
microstructural level.  
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8. CHAPTER 8. CONCLUSIONS 
Within the limitation of this in vitro study, the following conclusion were drawn:  
• X-Rite Color i5 Spectrophotometer has higher repeatability in color values 
analysis followed by VITA EasyShade® Advance 4.0 compared to Digital 
imaging.  
• Measuring instruments used to evaluate CIE L*a*b* color values, X-Rite Color i5 
Spectrophotometer, VITA Easyshade® Advance 4.0 and Digital imaging, showed 
significant difference in color values measured. This may lead to altered levels of 
interpretation, particularly to determine perceptibility and clinical acceptability 
thresholds.   
• IPS E.max lithium disilicate material shows significant color difference after 
repeated firing cycle tested by three color analysis instruments.  
• It is important to consider material limitations in controlling color during 
fabrication process or frequent color adjustment which involves exposing ceramic 
material to multiple firing cycles. 
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